Abstract The HSV-1 tegument protein VP16 contains a trans-activation domain (TAD) that is required for induction of immediate early (IE) genes during lytic infection and induced reactivation from latency. Here we report the differential contributions of the two sub-regions of the TAD in neuronal and non-neuronal cells during activation of IE gene expression, virus replication, and reactivation from quiescently infected (QIF)-PC12 cells. Our studies show that VP16-and chemical (hexamethylenebisacetamide)-induced IE gene activation is attenuated in neuronal cells. Irrespective of neuronal or non-neuronal cell backgrounds, IE gene activation demonstrated a greater requirement for the N-terminal subregion of VP16 TAD (VP16N) than the C-terminal sub-region (VP16C). In surprising contrast to these findings, a recombinant virus (RP4) containing the VP16N deletion was capable of modest forskolin-induced reactivation whereas a recombinant (RP3) containing a deletion of VP16C was incapable of stress-induced reactivation from QIF-PC12 cells. These unique process-dependent functions of the VP16 TAD subregions may be important during particular stages of the virus life cycle (lytic, entrance, and maintenance of a quiescent state and reactivation) when viral DNA would be expected to be differentially modified.
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Keywords Herpes simplex virus . Viral latency and quiescence . Replication . Reactivation . VP16 . QIF-PC12 cells Herpes simplex virus type 1 (HSV-1) encodes about 90 unique transcriptional units that encode at least 84 proteins with one or more functions (Roizman and Knipe 2001) . Several genes and unique functional domains of multifunctional proteins are dispensable for virus replication in cell culture. The requirement of specific genes and/or particular protein functions often depends on the species and cell type of the infected cell and on the biological process being examined. Determination of the unique viral factors essential for individual stages of HSV latency in peripheral neurons (i.e., establishment, maintenance, and reactivation) is complicated by the influence of these factors on multiple stages of the virus life cycle. Of particular interest is the essential tegument protein VP16 which, through its interactions with the host cell proteins HCF and Oct-1, is a major trans-activator of viral immediate early (IE) gene expression during lytic infection (Weinheimer et al. 1992; Tal-Singer et al. 1999) and is required for early stages of reactivation from latency (Thompson et al. 2009; Sawtell et al. 2011) . In addition to unique domains required for its interactions with HCF and Oct-1, VP16 also contains a potent transcriptional activation domain (TAD) located in its last 80 C-terminal amino acids (Triezenberg et al. 1988; Cousens et al. 1989) . VP16 is also required at later stages of the replicative cycle for virion assembly (Poon and Roizman 1995) , and interacts with and inhibits the virion host shutoff (vhs) protein (Smibert et al. 1994; Lam et al. 1996; Schmelter et al. 1996) preventing vhs-mediated destruction of viral mRNA and translational arrest.
The contributions of VP16-mediated activation of IE genes during reactivation from viral latency are not well understood. On the one hand, recombinant virus in1814 has a greatly reduced ability to activate IE gene expression due to a four-amino acid insertion in the region of VP16 that interacts with HCF-1 and Oct1 to form the VP16-induced complex (VIC, see Fig. 1 ; Ace et al. 1989; Wysocka and Herr 2003) . Nonetheless, in1814 reactivates efficiently in both animal (Steiner et al. 1990; Valyi-Nagy et al. 1991 ) and cell culture (Miller et al. 2006 ) models of HSV-1 latency. In contrast, the recombinant virus RP5, which is completely crippled in its ability to activate IE gene expression due to the deletion of most of the VP16 TAD, is incapable of explant-induced reactivation (Tal-Singer et al. 1999) . However, the inability of RP5 to reactivate in vivo could be interpreted to be due to its inability to establish an efficient state in the peripheral nervous systems of immunocompetent mice. More recent data withV422, a mutant similar to RP5, showed it is also incapable of reactivation in the quiescently infected (QIF)-PC12 model, when equivalent amounts of viral copies of mutant and wild-type strain are readily established during latency (Miller et al. 2006) . Together these data support the diverse and unexplained requirements of VP16 during reactivation from latency.
A potentially key function of VP16 during reactivation from latency is trans-activation of IE gene expression. The VP16 TAD consists of two sub-regions (VP16N and VP16C, see Fig. 1 ), each with variable potentials for activating IE gene expression (Triezenberg et al. 1988; Regier et al. 1993; Walker et al. 1993) . In previous reports, the VP16N sub-region was found to be more important than the VP16C sub-region for activation of transiently transfected IE promoters (Tal-Singer et al. 1999 ) and for efficient activation of IE gene expression during lytic infection in HeLa cells (Yang et al. 2002) . However, the relative importance of these two subregions in the reactivation of HSV-1 from a quiescent state is not known. Here we used the well-characterized QIF-PC12 model of HSV-1 latency (Danaher et al. 1999a, b) , that is similar but distinct from the PC12 model described by Block et al. (Block et al. 1994) , for the advantage of establishing similar levels of viral latency from which the role of this region in reactivation could be dissected in vitro. We hypothesized that VP16N would be required for efficient reactivation due to its greater importance in activating IE gene expression as previously reported (Tal-Singer et al. 1999; Yang et al. 2002) . (Knez et al. 2003) . Lower panels were adapted from (Tal-Singer et al. 1999) . RP3 truncated at codon 456, RP4 lacks amino acids 413-452, RP5 truncated at codon 412
Materials and methods

Cells and viruses
Rat pheochromocytoma (PC12) and African green monkey kidney (Vero) cells were grown as previously described (Danaher et al. 1999b) . Human osteosarcoma (U2OS) and rat lung fibroblast (RFL-6) cells were grown in McCoy's 5A medium supplemented with 10 % FBS and F-12K medium supplemented with 20 % FBS, respectively. All cells were obtained from the American Type Culture Collection (Rockville, MD) and were maintained at 37°C in 5 % CO 2 . Recombinant HSV-1 strains bearing deletions of all or parts of the VP16 TAD have been previously described (Tal-Singer et al. 1999) . These include strains RP1 (intact TAD), RP3 (lacking amino acids 456-490, VP16C), RP4 (lacking amino acids 413-452, VP16N), and RP5 (lacking amino acids 413-490; Fig. 1 ). Propagation and titration of virus stocks were done in Vero and U2OS cells, respectively, in media supplemented with 3 μMN,N′-hexamethylenebisacetamide (HMBA). In all experiments, cells were inoculated at the indicated MOIs as determined on U2OS cells in the presence of HMBA.
Neuronal differentiation PC12 cells were dissociated by passage through a 22-gauge needle and plated in RPMI 1640 containing 0.1 % fraction V bovine serum albumin (BSA) in tissue culture dishes coated with rat tail collagen type 1 (Becton Dickinson, Franklin Lakes, NJ) at 2.2×10 5 cells/well for 12-well dishes or 5.5×10 5 cells/well for 6-well dishes. Cells were neuronally differentiated (ND) and maintained in RPMI 1640 supplemented with 0.1 % BSA and 50 ng/ml of 2.5S mouse nerve growth factor (NGF; Becton Dickinson; maintenance medium) beginning on the day of plating. Essentially 100 % of the cells showed morphological indicators of differentiation as indicated by microscopic visualization of dendritic processes.
Quantification of relative gene activity PC12 cells were seeded to 6-well collagen-coated dishes and neuronally differentiated for 1 week prior to infection. Vero, U2OS, and RFL-6 cells were seeded to 6-well tissue culture dishes at 5.5×10 5 cells/well the day before infections. Cells were inoculated with HSV-1 at a multiplicity of infection (MOI) of 1. Following 2 h incubation at room temperature, cells were rinsed twice with respective culture media and incubated at 37°C for 4 h in the presence and absence of HMBA (3 μM). Total RNA was purified from HSV-1 infected cultures using the RNeasy Mini Kit (Qiagen, Valencia, CA) and quantified spectrophotometrically. RNA (2.5 μg) was treated with DNAse using DNA-free (Ambion, Austin, TX) as recommended by the manufacturer. DNase-treated RNA was reverse transcribed using random primers and SuperScript II (Invitrogen). The quantity of cDNA synthesized for selected host and viral transcripts was determined by real-time PCR as previously described (Danaher et al. 2005) . Genes assessed included α0 (encodes ICP0), α4 (encodes ICP4), and α27 (encodes ICP27). Primers and probes are as described (Cohrs et al. 2000) for α27 and (Danaher et al. 2005 ) for α4 and α0. All PCR assays of negative control (−Rtase) and experimental (+RTase) samples were performed as previously reported (Danaher et al. 2005) individually and in triplicate, respectively, from duplicate samples, unless otherwise indicated. Each real-time PCR assay included five standards examined in triplicate.
Establishment of a quiescent infection and reactivation of HSV-1
Quiescent HSV-1 infections were established in ND-PC12 cells in 12-well plates at an MOI of 1 as previously described (Danaher et al. 1999b; Miller et al. 2006) . Briefly, ND-PC12 cells were cultured in maintenance medium for 4 days post-plating. On days 4 through 6, cells were cultured in maintenance medium supplemented with 10 % horse serum and 5 % FBS instead of BSA. On day 6, cells were cultured in maintenance medium supplemented with 100 μM acycloguanosine (ACV; Sigma, St. Louis, MO) and then inoculated with virus (12, 12-well plates/strain) the following day. Infected cells were cultured in maintenance medium supplemented with ACV for 10 days. After ACV withdrawal, a quiescent state was maintained for 7 days prior to experimental stress treatment (4, 12-well plates/strain/treatment group). Cultures that were free of detectable infectious virus as determined in culture supernatants were stress treated to activate virus on day 17 postinfection (pi) by subjecting the cells to heat stress (HS; 43°C for 3 h) or to maintenance medium supplemented with 50 μM forskolin (Sigma) as previously described (Danaher et al. 1999a, b) . QIF-PC12 cell culture supernatants were monitored for virus production by plaque-forming assay performed on monolayers of U2OS cells in medium supplemented with HMBA and pooled human IgG. Cultures were scored reactivation positive on the first day, one or more plaques were detected on indicator cells.
Viral growth analysis
PC12 cells were seeded to 12-well collagen-coated dishes and neuronally differentiated as described above for the quantification of relative gene activity. One week postplating, cells were inoculated with HSV-1 at MOI's of 1 and 10. Following 2 h incubation at 37°C, cells were rinsed once with citrate buffer, pH 3, twice with maintenance medium and then incubated in maintenance medium at 37°C. Cultures were frozen at various times postinoculation, and virus titers were determined in duplicate by plaque assay with U2OS cells in medium supplemented with HMBA and pooled human IgG.
Results
IE gene activation is compromised in neuronal cells
At present, the contribution of the neuronal phenotype in the ability of VP16 to activate IE gene expression is not well understood. We initially addressed this by comparing IE gene expression in neuronal and non-neuronal cells infected with a recombinant virus lacking VP16 TAD (RP5) or with a recombinant virus containing a restored VP16 TAD (RP1). In these experiments, IE gene expression levels following infection with RP5 were designated "basal" levels and were compared to identically infected rat lung (RFL-6), monkey kidney (Vero) and human osteosarcoma (U2OS) cells. These three permissive cell lines served as controls for comparison of host species and neuronal cell effects. In all cases, total RNA was purified from cultures 4 h pi, and cDNA, synthesized from equivalent amounts of total RNA, was quantified by quantitative real-time PCR (qPCR). Following RP5 infections, similar levels of basal IE gene expression, based on the relative number of cDNA copies generated per nanogram total RNA, were observed in ND-PC12, Vero, and RFL6 cells, but were at least 10-fold higher in U2OS cells (Fig. 2a) . Expression levels of IE genes (ICP0, ICP4, and ICP27) were 10 to 100-fold higher in RP1-infected than RP5-infected ND-PC12 cells (Fig. 2b) . This level of induction was at least 10-fold lower than observed in Vero and RFL-6 infected cells, indicating a compromise in IE gene activation function of VP16 in the neuronal cells. Also, the similar IE gene activation levels observed in RFL-6 cells compared to Vero cells indicates that the reduced activation in the neuronal cells is not merely due to their rat origin. As expected, the magnitude of IE gene activation in U2OS cells was lower than that in Vero and RFL6 cells, which is likely due to the greater level of basal IE expression observed in RP5-infected U2OS cells.
IE gene activation is known to be HMBA responsive (McFarlane et al. 1992; Smiley and Duncan 1997; Yang et al. 2002) in an MOI-dependent manner. We therefore further analyzed IE gene activation under chemical stress induction of HMBA. Infections with RP5 were established in the same four cell lines described above in the presence or absence of HMBA. Here we hypothesized that HMBA would induce IE genes in neuronal cells similar to its ability to induce IE genes in permissive cell lines. Surprisingly, the VP16 TAD deletion was only poorly complemented by HMBA in ND-PC12 cells (Fig. 2c) . This is in sharp contrast to 100 to 1,000-fold induction by HMBA that occurred in Vero, RFL-6 and U2OS cells. Thus, IE gene activation by both VP16 and chemical induction appears to be compromised in the neuronal cells used. Since we have previously shown that VP16 TAD is required for stress-induced reactivation of QIF-PC12 cells (Miller et al. 2006) , it was of interest to determine if viruses lacking individual VP16 sub-regions would reactivate in a pattern consistent with the observed IE activation potentials. QIF-PC12 cultures were established (MOI01) with recombinant viruses RP3 and RP4 that lack VP16C and VP16N, respectively, and evaluated for spontaneous, HS-, and forskolininduced reactivation. As expected, low spontaneous reactivation was observed from the mock-treated QIF cultures, and RP1 reactivated at typical wild-type levels within 8 days following induction with forskolin (reactivation detected in 32 of 42 treated cultures (32/42, 76 %) and heat-stress (37/ 41, 90 %; Fig. 3a) ). In contrast, RP5 was incapable of efficient reactivation, with virus detection in only 6.3 % (3/48), 17 % (8/48), and 0/48 of cultures within 8 days of HS, forskolin, and mock treatment, respectively (Fig. 3d) . Similar to RP5, RP3 (Fig. 3b) was incapable of efficient stress-induced and spontaneous reactivation as virus was only detected in 15 % (7/48), 10 % (5/48), and 0/48 of cultures within 8 days of HS, forskolin, and mock treatment, respectively. Unexpectedly, however, RP4 (Fig. 3c) , which is reported to be substantially more restricted in IE gene activation than RP3 (Yang et al. 2002) , was capable of forskolin-induced reactivation with the detection of infectious virus in 49 % (23/47) of cultures compared to only 15 % (7/48) or 4.3 % (2/47) in HS or mock treatment cultures, respectively. These data suggest that VP16C is required for forskolin-induced reactivation, whereas VP16N is not required. Moreover, VP16N is not sufficient for reactivation under either forskolin-or HS-induced conditions. These findings indicate that forskolin and HS may act via alternative means in these cells.
VP16N more efficiently trans-activates IE genes than VP16C in neuronal cells
To determine if the unexpected reactivation phenotypes of RP3 and RP4 were due to TAD sub-region-specific requirements for IE gene activation specific to neuronal cells, the level of IE gene expression for these mutants were evaluated in ND-PC12 cells. Since our initial experiments showed that activation of IE gene expression was uniquely perturbed in ND-PC12 cells independent of species influences, gene expression levels were compared in ND-PC12 cells with control Vero cells. Both cell lines were infected (MOI01) and IE gene expression was evaluated as described above. Here the presence of VP16 sub-regions markedly influenced the level of IE gene expression observed. As expected, IE gene expression was induced by VP16 ∼100-fold in RP1-infected ND-PC12 (Fig. 4a) and ∼1,000-fold in Vero cells (Fig. 4b) at 4 h pi, respectively. In contrast, RP-3 induced IE gene expression ∼3-fold in ND-PC12 cells (Fig. 4a ) and 65 to 950-fold in Vero cells (Fig. 4b ) which corresponds to approximately 10-fold or greater reduction compared to respective RP1-infected cultures. Further, IE gene expression in RP4 infected ND-PC12 and Vero cells was less than 10 % of those infected with RP3 such that the levels of expression in ND-PC12 cells (Fig. 4a) was near the limit of detection. Importantly, RP4 was more highly attenuated in IE gene activation in both neuronal (Fig. 4a) and non- Fig. 3 The N-terminal VP16 TAD sub-region is required for forskolininduced HSV-1 reactivation from QIF-PC12 cells. QIF-PC12 cells were established with (a) RP1, (b) RP3, (c) RP4, and (d) RP5 at MOI of 1 in duplicate experiments (n072 for each strain/experiment) and maintained in 12-well plates for 10 days in the presence of ACV.
Cultures were either sham-treated (triangle), forskolin-treated (circle), or HS-treated (square) 7 days post-ACV removal. Cultures were screened for infectious virus on day 0 and daily beginning 2 days post treatment, by direct plaque assay in U2OS cells supplemented with HMBA. Data represents average (±SD) of two independent experiments neuronal cells (Fig. 4b ) than RP3. These findings reaffirm that VP16N is more important than VP16C for transactivation of IE genes during lytic infection of neuronal and non-neuronal cells. Counter-intuitively, the ability of RP4 to reactivate more efficiently than RP3 when induced by forskolin is not due to a greater ability of RP4 to induce IE gene activation at early times following infection.
VP16N is required for efficient virus replication in neuronal cells
The reduced level of IE gene expression in RP4-infected cells, compared to that in RP3-infected cells, is consistent with RP4's reduced replication efficiency in Vero cells (TalSinger et al. 1999) . To determine if the contrasting IE gene activation (RP3 > RP4) and forskolin-induced reactivation (RP4 > RP3) phenotypes of these recombinant viruses was due to neuronal-specific replication phenotypes, we evaluated the efficiency of virus replication of both strains in ND-PC12 cells by growth curve analysis. Following 1 week of NGF-induced differentiation, ND-PC12 cells were infected with RP3 and RP4 at MOI's of 1 and 10. Cultures were infected with RP1 and RP5 as positive and negative controls, respectively. Consistent with their relative replication efficiencies in Vero cells (Tal-Singer et al. 1999) , the kinetics of RP3 replication following infection of ND-PC12 cells at an MOI of 1 was lower than that of RP1, yet substantially greater than RP4 and RP5 (Fig. 5a ). In fact, the detection of RP4 replication required infection of ND-PC12 cells at an MOI of 10 and yields still did not reach those of cultures infected with RP3 at MOI of 1 (Fig. 5b) . These data indicate that the relative efficiency of virus replication in ND-PC12 cells is consistent with their reduced replication efficiencies in Vero cells (Tal-Singer et al. 1999) . Also, RP3 and RP4 replication characteristics are consistent with RP3's greater IE gene activation potential in ND-PC12 and Vero cells (Fig. 4) . Together, the findings indicate that the enhanced forskolin-induced reactivation phenotype of RP4 is not the result of either (a) enhanced IE gene activation or (b) efficient replication in neuronal-like cells, but instead appears to be specific to processes directly associated with reactivation of a quiescent genome.
Discussion
We used a series of VP16 mutants bearing various deletions of the TAD (Tal-Singer et al. 1999 ) to evaluate the importance of individual VP16 TAD sub-regions (VP16N and VP16C) for IE gene expression and stress-induced reactivation of HSV-1 from QIF-PC12. Our IE gene activation studies in different cell lines showed that neuronal cells are much less efficient in supporting VP16 TADdependent IE gene activation than non-neuronal cells and that deletion of the N-or C-terminal VP16 TAD sub-regions substantially reduced IE gene activation and subsequent virus replication in neuronal cells. Using the QIF-PC12 model, we observed that a recombinant virus lacking VP16C (RP3) was incapable of HS-and forskolin-induced reactivation whereas a recombinant virus lacking VP16N (RP4) reactivated modestly following induction with forskolin but was incapable of HS-induced reactivation. These findings indicate that the deletion of either the C or N terminus of the VP16 TAD confer unique processdependent functions during reactivation and virus replication. In addition, the results support the interpretation that forskolin (chemical) and HS (physical) induction from quiescence involves most likely different processes in our system.
HSV-1 demonstrates attenuated infection in neurons in many model systems and humans. The attenuated infection in vivo results from influences by the local immune response (Liu et al. 1996; Sainz and Halford 2002) as well as intraneuronal processes (Bloom and Stevens 1994) . The intraneuronal events include many biochemical processes such as enhanced survival capacity (Garrido et al. 1999) , lack of cellular factors required for productive infection (i.e., cdks; Schang et al. 2002) , production of intraneuronal inhibitory proteins (Zhangfei; Akhova et al. 2005) , lack of a robust DNA damage response (Lilley et al. 2005) , abundant expression of LAT (Maillet et al. 2006) , degradation of viral protein in neurons (Eom et al. 2004) , and the unique regulation of viral gene expression in neurons (Pesola et al. 2005; Bertke et al. 2011) . Our findings add to the growing RP3 and RP4, respectively (MOI01) . Virus infections, RNA purification, and cDNA synthesis and quantification were performed as described in Fig. 2 . Average (±SD) VP16 TAD sub-region dependent IE gene expression levels of RP1, RP3 and RP4 infected cultures are expressed relative to RP5 infected cells (α0, n01; α4 and α27, n02) body of evidence that replication in neurons is dampened by the unique functions of VP16 relative to IE gene activation in neuronal cells. We found that during infection, rat neuronal cells support substantially less IE gene expression than that observed in permissive primate cell lines. One hypothesis suggests that subtle differences in the primary structure of the host Oct-1 proteins may be responsible for this outcome (Cleary et al. 1993; Suzuki et al. 1993) . However, the efficient IE gene activation observed in the rat RFL-6 cell line may argue against this notion. Furthermore, the reduced level of IE gene activation in ND-PC12 cells was not due to higher basal IE gene expression in these cells, thus VP16 appears to have reduced activity in a neuronal milieu, similar to that observed by others (Kemp and Latchman 1989; Wheatley et al. 1990; Nichol et al. 1996; Weir 2001) . A possible explanation for the reduced VP16-mediated IE gene activation in ND-PC12 cells is that both VP16 (Kim et al. 2012 ) and HCF-1 (Kristie et al. 1999) are preferentially located in the cytoplasm in neurons and are therefore not present at appropriate levels in the nucleus to contribute to efficient IE gene expression.
Consistent with the unique neuronal phenotype, VP16-independent IE gene activation in neuronal cells was only minimally responsive to HMBA (0.25 to 0.65-fold increase) compared to 50 to 1,000-fold increases in RFL-6 and Vero cells. This novel finding stands in contrast with HMBA's ability to activate IE genes independent of VP16 in permissive cells (McFarlane et al. 1992; Smiley and Duncan 1997; Yang et al. 2002) . Although the exact mechanism of HMBA complementation of IE genes is unclear, it is possible that the lack of a cellular stress response or state of the viral DNA in neurons is contributory (Su et al. 2002; Lilley et al. 2005; Terry-Allison et al. 2007; Bloom et al. 2010 ).
Interestingly, HMBA has been shown to enhance IE gene transcription in HSV-1 infected embryonic chicken neurons ex vivo (Hafezi et al. 2012 ). However, as these studies involved infection of trigeminal ganglia explant cultures consisting of macroglial cells and neurons in the presence of HMBA for 24 h, it is not clear if the enhanced IE expression was dependent on secondary signaling through the macroglial cells and/or the long duration of chemical exposure. Alternatively, difference between chicken and rat backgrounds may be responsible for the differences observed.
We next investigated the relative requirements of two sub-regions of VP16 TAD for reactivation from HSV-1 quiescence. The VP16N and VP16C sub-regions are able to independently activate transcription by unique mechanisms (Seipel et al. 1992; Goodrich et al. 1993; Regier et al. 1993; Sullivan et al. 1998; Ikeda et al. 2002) and their deletions do not affect the VIC domain. We used QIF-PC12 cells to investigate this region because the model allows for the establishment of a latent-like state where equivalent viral genome copy numbers of mutant and wild-type viruses can be obtained, and reactivation can be induced using physical, chemical and biological stimuli, even with mutants that have extremely poor replication properties (Danaher et al. 1999a (Danaher et al. , b, 2001 (Danaher et al. , 2005 . Also, the absence of immune and permissive cells allows us to observe uniquely neuronal events (Liu et al. 2000 (Liu et al. , 2001 Decman et al. 2005) . Recombinant viruses lacking either of the individual sub-regions VP16C (RP3) or VP16N (RP4) were markedly reduced in stress-induced reactivation from QIF-PC12 cells compared to RP1, which contains the intact VP16 TAD. Like RP5, RP3 did not reactivate significantly following induction with either HS or forskolin, indicating that the VP16C sub-region is Fig. 5 Growth of HSV-1 recombinants in ND-PC12 cells. PC12 cultures were neuronally differentiated for 7 days and infected at MOIs of (a) 1 and (b) 10. At the indicated times, triplicate cultures were harvested, frozen, and thawed three times, and viral yields were measured in duplicate by plaque assay on U2OS cells supplemented with HMBA required for efficient stress-induced reactivation. In contrast, RP4 reactivated after induction with forskolin treatment, albeit at reduced levels compared to that of RP1. Thus, these data indicate that VP16N is not required for forskolininduced reactivation from latency although it is required for activation of IE gene expression during the early stages of a primary infection of permissive cells (Tal-Singer et al. 1999; Yang et al. 2002) .
Since RP4 is dramatically more compromised in IE gene activation compared to RP3 in permissive cells (Tal-Singer et al. 1999; Yang et al. 2002) , it was surprising that RP3 was incapable of stress-induced reactivation whereas RP4 was capable of substantial forskolin-induced reactivation. To determine if this outcome was due to trans-activation properties specific to neuronal cells, IE gene activation was measured in ND-PC12 cells. Consistent with the relative influence of the individual sub-regions of VP16 TAD (TalSinger et al. 1999; Yang et al. 2002) , IE gene activation was reduced 80-90 % and 99 %, compared to the parental virus (RP1), following infection of Vero cells with recombinants lacking the VP16C (RP3) and VP16N (RP4) sub-regions, respectively (Fig. 4b) . The same hierarchical effects were observed following infection of neuronal cells (Fig. 4a) , albeit the degree of reduction was substantially more pronounced. Importantly, virus yield following infection of neuronal cells with these same recombinant viruses was consistent with their ability to efficiently or inefficiently express IE genes.
One explanation for the contrasting requirements for the VP16N and VP16C sub-regions for IE gene activation and stress-induced reactivation may be the states of the viral genome that would be expected to be different during early and late stages following delivery of viral DNA to the cell nucleus. Interestingly, the VP16N sub-region (present in RP3 and absent in RP4) is critical for strong interaction with the Mediator coactivator complex component MED25 (Yang et al. 2004) and is critical for efficient VP16-mediated transcription of naked DNA templates (Ikeda et al. 2002) . This may account for the greater IE gene activation and virus yield requirement following infection of permissive and neuronal cells with RP3 compared to RP4. In contrast, the VP16C sub-region binds numerous transcription factors including TBP (Stringer et al. 1990 ), TFIIA (Kobayashi et al. 1998) , TFIIB (Roberts et al. 1993) , the 32 kDa subunit of TFIID (Klemm et al. 1995) , and the p62-Tfb1 subunit of TFIIH (Xiao et al. 1994; Langlois et al. 2008 ) and is required for VP16's interaction with the histone acetyltransferase CBP and in vitro transactivation of chromatin templates (Ikeda et al. 2002) . These features may account for the unique requirement of this specific region during reactivation of latent viral genomes that are presumed to be associated with nucleosomes in chromatin structures in QIF-PC12 cells (Su et al. 2002; Ferenczy et al. 2011) as they are during HSV-1 latency in trigeminal ganglia (Deshmane and Fraser 1989) .
In conclusion, our data indicate that neurons are unique in regulating IE gene activation, and the VP16 TAD is critical for reactivation of HSV-1 from a quiescent state in neurons. Current evidence supports that VP16 migrates from the cytoplasm to the nucleus in response to stress conditions where the VP16N is critical for reactivation. The neuronal factors that regulate these processes remain to be identified.
